I. INTRODUCTION
Hexagonal boron nitride (hBN) is a layer-structured semiconductor material with a bandgap energy that is comparable to that of AlN ($6 eV) with excellent thermal, mechanical, and optical properties. [1] [2] [3] [4] [5] [6] [7] [8] Following the isolation of graphene, 9 intensive research activities are currently being undertaken worldwide in the areas beyond graphene-two dimensional (2D) materials with non-zero energy band gaps. Due to the identical crystalline structure and nearly perfect lattice constant matches to graphene, hBN has been recognized as an excellent template or dielectric layer for graphene electronic/photonic devices. [10] [11] [12] The technique of manually separating individual layers from layer-structured crystals and stacking them has been very effective in demonstrating the rich physics of 2D materials. This method obviously has disadvantages of producing materials with small size ($100 lm) due to the limited size of hBN bulk crystals and is not scalable. Furthermore, graphene/hBN heterostructures offer limited prospect in providing the ability for bandgap engineering.
Both hBN and graphite have layer structures with similar lattice parameters and crystalline structures. The in-plane lattice constant difference is only about 1.5% between graphite and hBN. Although BN has many forms, its most stable crystalline structure for materials prepared under ambient pressure at any temperature is hexagonal. [1] [2] [3] 13, 14 The similarity between hBN and graphite provides potential to synthesize layer-structured h(BN) 1-x (C 2 ) x alloys. We are using the expression of (BN) 1-x (C 2 ) x for these alloys to take into consideration the fact that C atoms tend to incorporate as C-C (C 2 ) pairs. 15 The (BN) 1-x (C 2 ) x alloy system holds the unique advantages of identical crystalline structure (hexagonal) and excellent matches in lattice constants, thermal expansion coefficients, and melting temperatures throughout the entire alloy range.
14 Nevertheless, if homogeneous alloys can be synthesized, the h(BN) 1-x (C 2 ) x system possesses an extremely large energy gap variation from around 6 eV (hBN) to 0 (graphite), covering a spectral range from deep ultraviolet to far infrared. This spectral range is even larger than that of the InAlGaN alloy system could reach (InAlGaN provides tunable bandgaps from around 0.64 eV (InN) to 3.4 eV (GaN) to 6.1 eV (AlN)). From an electrical properties perspective, this alloy system ranges from highly insulating semiconductor (undoped hBN) to semi-metal (graphite), and therefore, a large range of conductivity control can be obtained. If homogeneous alloys can be synthesized, the h(BN) 1-x (C 2 ) x material system would address the major challenges facing the emerging 2D materials systems and open up new realms for novel physical properties and devices exploration.
A recent theoretical calculation suggests that it is possible to open a small bandgap in graphene by doping graphene with BN domains. 16 Atomic layers consisting of hybridized, randomly distributed domains of hBN and C phases with compositions ranging from pure BN to pure graphene were obtained by a chemical vapor deposition growth technique. 17 However, as with any new semiconductor materials in the development stages, the ability for synthesizing large wafers of homogeneous alloys (instead of domains) is a prerequisite for the realization of technologically significant device applications. Like many semiconductor alloy systems, one of the critical questions is the issue of phase separation and the range of homogeneous alloys that can be formed. Phase separation occurs in semiconductor alloys that are composed of constituents with significant differences in lattice constants or bond energies. Alloying in (BN)C system is challenging due to the strong bonds between B-N and C-C, which have respective bond energies of 4.0 eV (B-N) and 3.71 eV (C-C) compared with values of 2.83 eV for the C-N bond and 2.59 eV for the C-B bond. 15, 18 There were, however, theoretical and experimental evidences for obtaining homogeneous (BN) x (C 2 ) 1-x alloys with x ¼ 0.5 (BNC 2 ) and that BNC 2 is a direct bandgap semiconductor with an estimated bandgap energy E g ¼ 2.0 eV. 18, 19 In this work, we report on the synthesis of h(BN) 1-x (C 2 ) x epilayers with tunable energy bandgap and electrical conductivity by metal organic chemical vapor deposition (MOCVD). MOCVD is an established technique for producing high quality crystalline materials due to its ability to precisely control the growth processes and has been widely adopted by the commercial world for the growth of other compound semiconductor materials, particularly III-nitrides, in large wafer scales. Our experimental results provide evidence that homogeneous h(BN) 1-x (C 2 ) x alloys with x 3.2% have been synthesized by MOCVD. Bandgap tuning through compositional variation has been demonstrated. We also discuss possible routes to increase the solubility of C in h(BN) 1-x (C 2 ) x alloys.
II. EXPERIMENT
Epitaxial layers of h(BN) 1-x (C 2 ) x alloys of about 60 nm in thickness were synthesized on sapphire (0001) substrates using triethylboron (TEB), ammonia (NH 3 ), and propane (C 3 H 8 ) as B, N, and C sources, respectively. Samples were grown using hydrogen as a carrier gas at 1300 C (temperature limit of our current MOCVD system). Seven samples, denoted as A, B, C, D, E, F, and G were grown at C 3 H 8 flow rates of 0 (hBN), 0.5, 1, 2, 3, 4, and 5 standard cubic centimeters (sccm) per minute, respectively. Crystalline structure was determined by x-ray diffraction (XRD) measurements. UV-visible (UV-vis) optical absorption spectroscopy was employed to determine the optical absorption edges. Both van der Pauw and I-V characteristics measurements were performed to compare the relative electrical resistivities of h(BN) 1-x (C 2 ) x epilayers with varying C concentrations. Composition x was determined using x-ray photoelectron spectroscopy (XPS), which is a quantitative spectroscopic technique to determine the elemental composition, chemical bonding, and chemical state of the elements in a material system. Carbon concentrations (C) of samples A, B, C, D, E, F, and G, determined by XPS, were 0%, 1.7%, 3.2%, 6%, 10%, 14%, and 21%, respectively. The XRD h-2h scan patterns of h(BN) 1-x (C 2 ) x samples have a similar spectral shape. Figure 1(a) shows XRD h-2h scan of a representative hBN epilayer deposited on sapphire substrate, revealed a c-lattice constant of $6.67 Å , which closely matches with the bulk c-lattice constant of hBN (c ¼ 6.66 Å ), 13, 14 affirming that the MOCVD grown films have a hexagonal lattice structure.
III. RESULTS AND DISCUSSION
Figure 1(b) shows the optical micrographs of 5 mm Â 5 mm area of h(BN) 1-x (C 2 ) x epilayers with different carbon concentrations. A previous calculation 18 hinted that due to the strong C-C bonds, C atoms tend to form clusters in (BN)C alloys when C concentration is above a certain critical value, x c . This effect can be directly observed from the optical micrographs of our h(BN) 1-x (C 2 ) x epilayers. Based on the bandgap value of hBN ($6 eV) and the small values of x (x ¼ 0 to 0.21), these h(BN) 1-x (C 2 ) x epilayers should be transparent in the visible spectral range. However, only samples with x ¼ 0, 0.017, and 0.032 are transparent. Samples with x ¼ 0.06, 0.10, 0.14, and 0.21 appear dark and the darkness increases with an increase of x. We believe that this is due to the formation of C clusters in these alloys, which is further corroborated by the XPS and optical absorption spectra to be discussed below. The results shown in Fig. 1 (b) seem to suggest that the critical C concentration, x c , for homogeneous alloy formation, or the solid solubility limit of C in hBN is around 0.032 for the growth temperature of 1300 C. Figure 2 shows the XPS spectra of B 1s, N 1s, and C 1s core levels for two representative h(BN) 1-x (C 2 ) x alloy samples with x ¼ x c (%0.032) and x ¼ 0.06. Atomic composition of B, N, and C was determined from the tight scans. We would like to point out that the sample surface is easily contaminated by impurities from atmosphere. To eliminate the surface contamination before XPS measurements, we followed the procedure of low energy Ar þ ion dusting and soft etching, which completely removed any surface contaminations, such as carbon and oxygen. After removing the surface contaminations, atomic compositions of B, N, and C become constant inside the film, which was verified by the depth profile measurements carried out for selective samples. A comprehensive XPS analysis of all hBNC samples will be reported elsewhere. Figures 3(a)-3(c) show the XPS spectra of B 1s, N 1s, and C 1s, respectively, obtained for a representative h(BN) 1-x (C 2 ) x sample with x ¼ 0.032. The B 1s spectral peak is at 190.9 eV in agreement with a previous report, 11 which corresponds to three N atoms bonding with one B atom in the center (area 1), as schematically illustrated in the inset of Fig. 3(a) . The full width at half maximum (FWHM) of the peak is $1.5 eV, which is larger than that of hBN ($0.9 eV). A small peak (area 2) at 189.3 eV is due to the B-C bonding, because of the lower electronegativity of C than N. 20 The N 1s spectral peak at 398.5 eV shown as area 1 in Fig. 3(b) , which is close to the peak position reported for BNC 2 (398.7 eV), 21 corresponds to three B atoms bonded with one N atom in the center, as schematically shown in the inset of Fig. 3(b) . Besides the N-B bond, the peak at 399.4 eV (area 2, Fig. 3(b) ) is due to the contribution from N-C bonds, as the electronegativity of C is higher than that of B. 21 Figure 3(c) shows the spectrum for C 1s. Area 1 of Fig. 3(c) shows the main peak at 284.9 eV, which is similar to that of graphite. However, the FWHM of this peak is 1.55 eV, significantly larger than that of pure graphite (0.35 eV). 21 This confirms that there is a significant contribution from C-B and C-N bonds in this alloy system. There are two additional peaks in the left and right sides of the main peak, indicated as area 2 and area 3, respectively. The lower energy peak at 283.5 eV (area 2) is due to C bonding with B, as the electronegativity of B is lower than that of C. The higher energy peak at 286 eV (area 3) is due to C bonding with N, because the electronegativity of N is higher than that of C. This is consistent with earlier XPS data for B 4 C compounds. 22 The chemical shifts, peak broadening, and bonding analysis described above indicate that boron, carbon, and nitrogen atoms bond with one another, and mix atomically. Figure 3(d) compares the C 1s spectra of h(BN) 1-x (C 2 ) x alloys with x ¼ x c (%0.032) and x ¼ 0.06. Peak position of area 1 for both samples at 284.9 eV is due to C-C bonds. The peak at 286.0 eV and 283.5 eV for the sample with x ¼ x c (%0.032) is due to C bonding with N and C bonding with B, respectively. The peak at 286.5 eV for the sample with x ¼ 0.06 is due to C bonding with N. If we compare the main C-C bonding peak with respect to the C-N bonding peak between the two samples, it is obvious that the C-C bonding peak is more dominant in the sample with x ¼ 0.06. A strong C-C bonding peak is the signature of the formation of C clusters. Also, C-B bonds are negligible in the sample with x ¼ 0.06 since the peak at 283.5 eV corresponding to C-B bonds is absent in this sample. This is due to the fact that the C-B bond energy (2.59 eV) is less than that of C-N (2.83 eV). 15 The formation of C clusters in samples with x > x c is also supported by the optical absorption results shown in Figs. 4 and 5 below.
Experimental data on fundamental optical properties of h(BN) 1-x (C 2 ) x alloys are scarce with an exception for one particular C concentration x ¼ 0.5 (BNC 2 ), which has an estimated bandgap energy E g ¼ 2.0 eV based on the spectroscopic measurements of scanning tunneling microscopy. 19 In this work, UV-visible optical absorption spectroscopy was employed to measure the bandgap variation with C incorporation. We have observed that the optical absorption edge of h(BN) 1-x (C 2 ) x epilayers decreases with an increase of the C concentration, as expected. The absorption coefficients (a) were obtained from the absorption spectrum. The energy bandgap E g values were estimated from the Tauc plot of the absorption coefficients. 23 In Fig. 4 , we plot a 2 as a function of the excitation photon energy for h(BN) position of the excitonic emission line. 8, 25 The results suggest that the optical absorption edge is strongly affected by the excitonic effects and the actual bandgap of hBN is expected to be greater than the measured value by an amount of the exciton binding energy, which is around 0.7 eV. [25] [26] [27] [28] Figure 5(a) plots the measured Eg vs. x for h(BN) 1-x (C 2 ) x epilayers that include the bandgap energies of hBN (x ¼ 0), graphite, and h(BNC 2 ) from Ref. 19 . The dashed curve represents a fitting using the general equation for describing the bandgaps of semiconductor ternary alloys,
where x is the mole fraction of C in the h(BN) 1-x (C 2 ) x alloys and b is the bowing parameter. E g (C) ¼ 0 is the energy bandgap of graphite. The fitted bowing parameter is b ¼ 3.6 eV. The green filled circles are the measured C concentrations obtained from XPS and the corresponding E g values obtained from the optical absorption spectra. The results show that the data for samples with x ¼ 0.017 and 0.032 fit well with Eq. (1), suggesting the formation of homogeneous alloys.
Samples with x ¼ 0.06, 0.10, 0.14, and 0.21 deviate significantly from Eq. (1). This can be explained by the fact that phase separation occurs in samples with x > x c (%0.032). In the phase separated materials, the XPS measures the total C concentrations, while the C concentration deduced from the bandgap variation of Eq. (1) represents the C concentration in homogeneous alloy phase. Therefore, the deviation from Eq. (1) is a measure of the excess C concentration in the phase separated C clusters (graphite phase). In other words, h(BN) 1-x (C 2 ) x alloys with x > x c (%0.032) have separated C phases and the actual C concentrations in the homogeneous alloys (y) are less than the total C concentration determined by XPS (x). In addition, the C concentration in homogeneous alloys (y) can be determined from E g measured by the optical absorption spectroscopy coupled with the use of Eq. (1) . From this procedure, we plot the data for the C concentrations in the homogeneous alloy phase (y) as blue filled squares in Fig. 5(a) . The C concentration difference between x and y is denoted as DC ¼ xÀy (indicated in the figure) . So, DC measures the excess carbon concentrations that are in the separated C phases (or graphite phase) in samples D, E, F, and G. However, at x > x c , phases of hBN, graphite, and h(BN) 1-y (C 2 ) y alloys with y < x coexist. Figure 5 (b) shows DC versus the total C concentration x in h(BN) 1-x (C 2 ) x alloys. For samples B and C with x ¼ 0.017 and 0.032, DC ¼ 0, which means that these materials with low x form homogeneous alloys (or are completely miscible). The solid line in Fig. 5(b) is a linear fit of data with the equation
where DC is the C concentration in the graphite phase and x is the total C concentration measured by XPS. The fitted values of b and x c are 0.83 and 0.032, respectively. The physical meaning of Fig. 5(b) and Eq. (2) is that for samples grown at 1300 C with C concentrations larger than x c (%0.032), about 83% of C will be in the separated C phase, while the remaining 17% will be in the homogeneous alloy phase. It is expected that x c will be increased and the red line will be shifted to the right with an increase in the growth temperature. However, currently we are unable to estimate the percentage of C in the graphite phase at higher growth temperatures.
To present these results in a different way, Fig. 5 (c) shows the C concentration in the homogeneous h(BN) 1-y (C 2 ) y alloy phase (y) deduced from the energy bandgap obtained from optical absorption spectra versus the total C concentration in h(BN) 1-x (C 2 ) x samples measured by XPS (x). Two distinctive regions of alloying are obtained from the linear fits of the data using equations
The fitted value of a 1 is 1 meaning that at x x c (%0.032), the C concentration in the homogeneous h(BN) 1-x (C 2 ) x alloy phase equals to the total C concentration measured by XPS, or y ¼ x. The fitted values of a 2 and b for line (2) are 0.17 and 0.026, respectively. This implies that the C concentration in the homogeneous h(BN) 1-y (C 2 ) y alloy phase (y) also increases with an increase of the total C concentration x for samples with x > x c (%0.032). Our results thus suggest that a small fraction ($17%) of C still incorporates into the homogeneous h(BN) 1-x (C 2 ) x alloy phase beyond the critical concentration and that homogeneous h(BN) 1-x (C 2 ) x alloys with x as high as 6.3% can be achieved even at the growth temperatures of 1300 C. However, phase separated C clusters co-exist in these samples.
Another unique feature of the h(BN) 1-x (C 2 ) x alloy system is that it offers the conductivity variation from highly insulating semiconductor (undoped hBN) to semi-metal (graphite). Figure 6 shows the 300 K electrical resistivity for samples with different C concentrations. In obtaining Fig. 6 , we adopted ohmic contacts preparation processes previously developed for hBN. 7 The ohmic contacts consist of Ni/Au (30 nm/20 nm) bilayers, which were deposited using e-beam evaporation followed by rapid thermal annealing at 800 C for 10 min. The schematic of a fabricated h(BN)C sample and ohmic contact (Ni/Au bilayers) geometry employed for the electrical measurements is shown in the insets of Fig. 6 . The typical I-V characteristics of undoped hBN epilayers, which have the highest resistivity among h(BN) 1-x (C 2 ) x epilayers are shown in the inset of Fig. 6 and exhibit an excellent ohmic behavior. Both van der Pauw and I-V characteristics measurements were performed to compare the relative electrical resistivities of h(BN) 1-x (C 2 ) x epilayers with varying C concentrations. We observe that the electrical resistivity decreases approximately by 10 orders of magnitude when x increases from 0 to 0.21. Since graphite is a semimetal and undoped hBN is highly insulating, it is expected that when these two systems combine to form h(BN) 1-x (C 2 ) x alloys, a large range of electrical conductivity control can be achieved and the electrical conductivity increases with an increase of C concentration. Moreover, in the case of x > x c , the formation of C clusters further increases the electrical conductivity. Phase separation has been a long outstanding issue for InGaN alloys, and still remains to be solved. Although not much information is available on the phase separation issue in h(BN) 1-x (C 2 ) x alloys, we can briefly summarize the differences between InGaN and h(BN) 1-x (C 2 ) x alloys in terms of phase separation. Phase separation in InGaN alloys is mainly caused by the difference in the in-plane a-lattice constants between InN (a ¼ 0.3544 nm) and GaN (a ¼ 0.3189 nm), 29, 30 whereas the difference in bond energies between B-N (4.0 eV), C-C (3.71 eV), C-N (2.83 eV), and C-B (2.59 eV) is the main cause of the phase separation in h(BN) 1-x (C 2 ) x alloys. 18 In addition to the lattice constants mismatch between InN and GaN, the growth temperature mismatch between InN and GaN makes the phase separation issue in InGaN even more difficult to overcome. 31 Theoretically, increasing the growth temperature will reduce the miscibility gap, 29 but InN decomposes at high temperatures (T > 700 C). While the crystalline quality of InGaN alloys can be improved by employing low growth rate in the low In-content regime, 31 growth conditions farther away from the thermodynamic equilibrium (such as high growth rates) are helpful to promote the formation of single phase InGaN alloys in the theoretically predicted miscibility gap region (middle range of the alloy composition). 32 It appears that phase separation is also a significant challenge to the synthesis of homogeneous h(BN) 1-x (C 2 ) x alloys. Recent theoretical calculation performed on monolayer cubic c(BN) 1-x (C 2 ) x suggests a low solubility of C at the growth temperature of 1300 C. 33 The calculated phase diagram of the monolayer c(BN) 1-x (C 2 ) x materials in the temperature range of 1500-3500 K shows that the miscibility gap decreases with an increase in the growth temperature. 33 The same trend is expected for h(BN) 1-x (C 2 ) x alloys. Due to the excellent matches in lattice constants, thermal expansion coefficients, and melting temperatures throughout the entire alloys, it is expected that the alloy miscibility gap in h(BN) 1-x (C 2 ) x alloys can be reduced or completely removed by increasing the growth temperature. This is a huge advantage over InGaN in which InN decomposes at high temperatures and high growth temperature cannot be utilized to close the miscibility gap. It is also expected that the crystalline quality of h(BN)C alloys will be improved at the higher growth temperatures.
IV. CONCLUSIONS
In summary, we have synthesized via MOCVD h(BN) 1-x (C 2 ) x epilayers with different C concentrations. Our experimental results revealed evidences that the critical C concentration x c to form homogenous h(BN) 1-x (C 2 ) x alloys, or the C solubility in hBN is about 3.2% at a growth temperature of 1300 C before C clusters form. Furthermore, we have achieved variations in the energy bandgap and electrical conductivity in h(BN) 1-x (C 2 ) x epilayers through the variation in C concentration. We believe that raising the growth temperature above 1300 C will allow us to synthesize h(BN) 1-x (C 2 ) x alloys with improved crystalline quality as well as with higher C concentrations without C clusters. Currently, our understanding of h(BN) 1-x (C 2 ) x alloy is still in a very early stage and many issues merit further studies. These include detailed studies on the structural properties of the films by various methods to provide improved understandings on the correlation between the growth conditions and structural and optoelectronic properties; the alloy dependence of the optical and electrical properties and band structures near the fundamental band edge; the evolution of the electrical conductivity from semi-metal to insulating or to semiconductor within the same crystal structure; the feasibility of conductivity control via in situ doping by MOCVD growth; and potential applications of this unique layer-structured (BN) x (C 2 ) 1-x alloy system with bandgap variation from far infrared to deep UV. 
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